In the course of the reaction catalyzed by rhodanese, the enzyme cycles between two catalytic intermediates, the sulfur-free and the sulfur-substituted (persulfidecontaining) forms. The crystal structure of sulfur-free rhodanese, which was prepared in solution and then crystallized, is highly similar to that of sulfur-substituted enzyme. The inactivation of sulfur-free rhodanese with a small molar excess of hydrogen peroxide relies essentially on a modification limited to the active site, consisting of the oxidation of the essential sulfhydryl to sulfenyl group (-S-OH). Upon reaction of the sulfur-free enzyme with monoiodoacetate in the crystal, the Cys-247 side chain with the bound carboxymethyl group is forced into a conformation that allows favorable interactions of the carboxylate with the four peptide NH groups that participate in hydrogen bonding interactions with the transferable sulfur atom of the persulfide group in the sulfur-substituted rhodanese. It is concluded that active site-specific chemical modifications of sulfur-free rhodanese do not lead to significant changes of the protein structure, consistent with a high degree of similarity of the structures of the sulfur-free and sulfur-substituted forms of the enzyme both in solution and in the crystal.
Rhodanese (thiosulfate:cyanide sulfurtransferase, EC 2.8.1.1) catalyzes in vitro the transfer of a sulfur atom from certain sulfur donors to nucleophilic acceptors (Westley, 1973) . The sulfur donor and acceptor most commonly used are thiosulfate and cyanide, which, in the presence of rhodanese, yield sulfite and thiocyanate, respectively. The overall reaction can be described according to the following scheme:
In this reaction rhodanese cycles between the sulfur-free (E) and sulfur-substituted (ES) forms. The presence of a persulfide link between the essential sulfhydryl group of Cys-247 and the transferred sulfur (R-S-SH) has been established for the ES intermediate (Finazzi-Agró et al., 1972; Ploegman et al., 1979) . The persulfide group is substantially stabilized by a large number of hydrogen bonding interactions between both sulfur atoms and neighboring groups present in the active site of the enzyme (Ploegman et al., 1979) . Although rhodanese has been found in a variety of organisms, including bacteria, plants, and vertebrates, its role in them is still unclear. A substantial similarity has been found for rhodanese sequences from various sources. These sequences include chemically derived protein sequences for avian liver (Kohanski and Heinrikson, 1990 ) and bovine liver rhodanese, as well as sequences deduced from the cDNAs from bovine adrenal (Miller et al., 1991) , rat liver (Weiland and Dooley, 1991) , human liver (Pallini et al., 1991) , and mouse liver (Dooley et al., 1995) . Bovine rhodanese is by far the most frequently studied variant. Bovine liver rhodanese is a monomeric protein of approximately 32 kDa, whose overall structure consists of two domains of similar size and nearly identical conformation, connected by a loop at the surface of the molecule (Ploegman et al., 1979) . In spite of this, the amino acid sequences for the two domains are quite dissimilar. The active site is located in the C terminus domain, near the interface between the two domains. Recent site-directed mutagenesis studies have shown that Cys-247 is the only cysteine, out of the total of four conserved and reduced cysteines, required for the activity of the enzyme (Miller-Martini et al., 1994a) .
Based on the crystal structure determination of sulfur-substituted rhodanese (Ploegman et al., 1978 (Ploegman et al., , 1979 Hol et al., 1983) and mechanistic studies with the enzyme in solution (Westley, 1973 (Westley, , 1977 , a scheme for the catalytic mechanism of rhodanese has been deduced. The thiolate anion of Cys-247 is the essential nucleophile, whereas it is hypothesized that the positive charges of Arg-186 and Lys-249 may participate in binding thiosulfate in the correct orientation and act as "electrophilic assistants," polarizing the scissile S-S bond of the substrate. Recent site-directed mutagenesis studies have confirmed the importance for catalysis of the cationic side chains of these residues (Luo and Horowitz, 1994) . The extra sulfur atom can be removed by reaction of the ES form of the enzyme in the crystal with cyanide, and the active site structure of the resulting sulfur-free rhodanese has been found to be very similar to that of the sulfur-substituted enzyme (Ploegman et al., 1979) .
The presence of the persulfide group in sulfur-containing rhodanese protects the enzyme against inactivating agents to a large extent. The removal of the extra sulfur atom makes the essential sulfhydryl group rather susceptible to chemical mod-ifications. In particular, exposure of sulfur-free rhodanese to nearly stoichiometric quantities of monoiodoacetate and hydrogen peroxide (Cannella and Berni, 1983) leads to rapid enzyme inactivation. Evidence has been presented that monoiodoacetate is an affinity label for the enzyme substrate, suggesting that carboxymethylation of the catalytic sulfhydryl group mimics the reaction of rhodanese with thiosulfate (Horowitz and Criscimagna, 1982) . Moreover, it has been found that inactivation of the sulfur-free enzyme in the presence of phenylglyoxal and cyanide is associated with oxidation of the catalytic sulfhydryl group with a second one (either Cys-254 or Cys-263) to form intramolecular disulfide bonds . A scheme for the mechanism of oxidative inactivation of sulfur-free rhodanese leading to the formation of intramolecular disulfide bonds has been proposed (Cannella et al., 1986; Miller-Martini et al., 1994a) . Since on the basis of the crystal structure of rhodanese the distance of these sulfhydryl groups and the interposition between them of some amino acid side chains are such as to prevent the formation of disulfides, it was argued that the active site representation emerging from crystallographic studies may not account for the conformational differences which may exist between the sulfur-free and sulfur-substituted forms of the enzyme in solution (Miller-Martini et al., 1994b) . Furthermore, it has been suggested that the sulfur-free enzyme has a high degree of structural flexibility, which is responsible for its interconversion among various conformers Wang, 1973a, 1973b; Wang and Volini, 1973; Chow et al., 1985; Miller-Martini et al., 1994b) , that changes at the active site can trigger conformational changes throughout the protein (Islam et al., 1994) , and that the results of crystallographic studies may be inadequate to reveal the dynamics of rhodanese in solution (Horowitz and Patel, 1980; Horowitz and Falksen, 1983; Chow et al., 1985) .
To further investigate the structural changes occurring at the rhodanese active site, sulfur-free rhodanese was crystallized and its structure compared with that of sulfur-substituted rhodanese. The sulfur-free enzyme oxidized in solution with a small molar excess of hydrogen peroxide was crystallized and its crystal structure determined. We describe here molecular details for the enzyme active site, chemically modified with hydrogen peroxide. In addition, reactivity toward monoiodoacetate of the crystals of sulfur-free rhodanese was exploited to obtain the carboxymethylated enzyme derivative in the crystalline state. The active site structural features of the carboxymethylated enzyme are also described.
EXPERIMENTAL PROCEDURES
Materials-Rhodanese was prepared from bovine liver essentially as described (Horowitz and De Toma, 1970) . Additionally, as the last step of protein purification a molecular sieve chromatography on a Ultrogel AcA 54 column (Biosepra, Locke Drive, MA) proved quite useful in removing contaminants with molecular mass higher than that of rhodanese. After this chromatography, the enzyme was homogeneous on the basis of SDS-polyacrylamide gel electrophoresis and could readily be micro-crystallized from a solution of 1.8 M ammonium sulfate, 1 mM sodium thiosulfate, pH 7.4. Measurements of protein concentration and enzyme activity were carried out according to Sörbo (1953) . The specific activity for our enzyme preparation was approximately 600 units/mg (1 enzyme unit is the amount of protein converting 1 mol of cyanide to thiocyanate/min). The sulfur-free enzyme was obtained by adding a small molar excess of cyanide to the sulfur-containing form of rhodanese in 30 mM sodium phosphate buffer, pH 7.4. The sulfur-free form of the enzyme was rapidly inactivated by incubation with a 2-fold molar excess of hydrogen peroxide at room temperature. A concentrated ammonium sulfate solution was added to the protein soon after enzyme inactivation and the enzyme derivative was immediately used for crystallization experiments.
Crystallization of Sulfur-containing and Sulfur-free Rhodanese and Sulfur-free Rhodanese Inactivated with Hydrogen Peroxide-Single crystals of sulfur-containing, sulfur-free rhodanese, and sulfur-free enzyme chemically modified with hydrogen peroxide were grown in sitting-drop vapor-diffusion experiments from solutions of 1.8 -1.9 M ammonium sulfate, 30 mM sodium phosphate, pH 7.4, at 20°C. In the case of sulfur-containing rhodanese, 1 mM sodium thiosulfate was also present in the crystallization medium. The composition of the solvent that proved effective for protein crystallization was similar to that used previously for the crystallization of sulfur-containing rhodanese by means of a different crystallization technique (Drenth and Smit, 1971) . The crystals of sulfur-containing, sulfur-free, and oxidized rhodanese were found to be isomorphous to those of the sulfur-substituted enzyme previously obtained by Ploegman et al. (1978) . The cell parameters used for all the structures described in this paper are a ϭ 156.23 Å, b ϭ 49.04, c ϭ 42.25 Å, b ϭ 98.6°.
Carboxymethylation of Rhodanese in the Crystal-The crystals of sulfur-substituted rhodanese were extensively washed with 63% saturated ammonium sulfate, 30 mM sodium phosphate, pH 7.4, to remove the excess of thiosulfate, and then soaked in the same solution containing 25 mM potassium cyanide, for 1 h at room temperature, to remove the extra sulfur atom. Upon removal of potassium cyanide from the medium, the crystals were incubated at room temperature with 20 mM sodium monoiodoacetate (Fluka, Buchs, Switzerland) in 63% saturated ammonium sulfate, 30 mM sodium phosphate, pH 7.4, for 1 h. Last, the excess reagent was eliminated by washing the crystals with 63% saturated ammonium sulfate, 30 mM sodium phosphate, pH 7.4. The enzyme recovered from the solubilization of some of these crystals was verified to be completely inactive.
X-ray Diffraction Data Collection and Processing-The x-ray source for data collection was a Siemens M18X-HF rotating anode generator, operating at 50 kV and 100 mA, with an apparent focus size of 0.3 ϫ 3 mm. Copper radiation was selected by a graphite crystal monochromator. A 0.5-mm collimator was used. Data were measured on a XENTRO-NIX X1000 area detector system, mounted on a three-axis goniometer. The crystal was rotated 0.25°/frame. Two crystals were used for sulfurcontaining and for oxidized rhodanese, 1 for carboxymethylated and for sulfur-free enzyme. Scaling and merging were performed with the SAINT program (Siemens Industrial Automation). Table I gives the statistics for data collection and the percentage of reflections measured as a function of resolution for the various data sets. The relatively limited number of independent reflections collected for the sulfur-free enzyme and for carboxymethylated derivative must be attributed to the small size of the crystals or to the slight damage produced by the reaction in the crystal.
Model Building and Refinement-The coordinates deposited in the Protein Data Bank (1RHD) for the model of the rhodanese structure (Ploegman et al. 1979) were used as the starting model for the enzyme inactivated with hydrogen peroxide. The R factor was initially quite high (r ϭ 0.47), possibly owing to a small difference in the cell parameters used. A molecular dynamics procedure reduced it to a value of 0.231. Some cycles of restrained least-squares refinement were then performed, the electron density maps were inspected, and some manual corrections introduced. Solvent molecules were also positioned inside peaks close to the polar side chains, except for the region close to the active site. Other restrained least-squares cycles of refinement were alternated with manual adjustments of the protein, mainly the amino acid side chains, and of the solvent molecules. Water molecules with a B factor greater than 65 Å 2 were excluded or their position corrected. A small density close to the sulfur of Cys-247 was already visible in the first electron density map. Just before the last cycles of refinement, an O atom was introduced at a bond distance of 1.8 Å from S␥ of Cys-247. At this point, a few cycles of restrained least-squares refinement reduced the R factor to the final value of 0.181.
The final atomic coordinates of the previous model were used as starting point for all modified forms of the enzyme. In the case of the sulfur-containing form, after correcting for the S-O bond present in the active site of the oxidized rhodanese, several cycles of restrained leastsquares refinement and manual adjustments, particularly of the solvent molecules, were performed. For carboxymethylated enzyme, after a few cycles of restrained least-square refinement, the map calculated with coefficients ͉2F obs Ϫ F calc ͉ clearly showed an electron density in close contact with the side chain of Cys-247. Other cycles of refinement were performed and solvent molecules were introduced. When the crystallographic R factor dropped around 0.20, a carboxymethyl group was fitted into this density and other refinement cycles were performed. A similar procedure was followed for the sulfur-free enzyme. The final crystallographic R factors for sulfur-containing, sulfur-free, and carboxymethylated enzymes are 0.191, 0.188, and 0.20, respectively. Sta-tistics on the refinement and the final models are summarized in Table  II. For molecular dynamics calculations and for the refinement, the XPLOR program (Brunger et al., 1987) and TNT restrained leastsquares refinement program (Tronrud et al., 1987) were employed, respectively. The maps were displayed on a PS300 Evans & Sutherland graphic system or an IRIS 4D Graphics Workstation (Silicon Graphics) using the programs FRODO or TOM (Jones, 1978 and 1985) .
RESULTS
Structures of Sulfur-substituted and Sulfur-free Rhodanese-Our model for the three-dimensional structure of sulfurcontaining rhodanese, superimposed on that obtained by Ploegman et al. (1979) , is shown in Fig. 1 . The overlap of the two models appears to be satisfactory: when the root mean square (r.m.s.) 1 deviation for the equivalent ␣-carbons is plotted as a function of residue number (Fig. 2) , the differences are uniformly distributed, except for the C and N termini. The considerable differences in the latter regions lead to a relatively large overall r.m.s. deviation for the equivalent ␣-carbons (1.41 Å) which drop to 0.5 Å when calculated from residue 4 to 290. However, it must be noted that these regions are not well ordered, as illustrated in Fig. 3 , where the B factors are plotted as a function of the residue number. The main chain, with the exception of the C and N termini, is quite well defined, the mean B factor for main chain atoms being 25.5 Å. On the contrary, some disorder can be observed for all charged side chains.
The stereodiagram of Fig. 4A represents the active site of sulfur-substituted rhodanese, as reported previously (Ploegman et al., 1979) , the persulfide group is stabilized by a network of hydrogen bonding interactions. Such interactions for the transferable sulfur atom of the persulfide group with four NH groups of the protein backbone, which coincide with those reported by Hol et al. (1983) , are shown in Fig. 4A . Since the pH of the mother liquor of the crystal is 7.4 and the pK a of the persulfide group was estimated to be about 6.0 (Schlesinger and Westley, 1974) , the latter group is expected to be negatively charged. Positively charged groups of the protein capable of neutralizing it are in any case quite distant. A peak in the electron density at a distance of 3.8 Å from the S␦ of Cys-247 was interpreted as a solvent molecule. However, it cannot be excluded that it represents a positively charged ion forming a salt bridge with the ionized form of the persulfide group.
The model for the sulfur-free form of the enzyme compares quite well with the model of sulfur-substituted rhodanese. The r.m.s. standard deviation between equivalent ␣-carbons, calculated from residue 4 to 290, is 0.36 Å. Only small differences are present in the active site of the two enzyme forms (Fig. 4B) . The interactions between the S␥ of Cys-247 and the surround- 1 The abbreviation used is: r.m.s., root mean square. Columns from 1 to 4 give the resolution interval of the data used, the crystallographic R factor (defined as R ϭ ( ʈF obs (h)͉Ϫ͉F calc (h)ʈ)/( ͉F obs (h)͉) and the number of solvent molecules and protein atoms. Columns from 5 to 8 give the r.m.s. standard deviations of some geometric parameters from the ideal values. The remaining three columns indicate the percentages of residues in most favored regions, additionally allowed regions and generously allowed regions of the Ramachandran plots according to the definitions of the program PROCHECK (Laskowsky et al., 1993 ing groups of the active site appear to correspond, in the limit of the resolution, to those described by Hol et al. (1983) for sulfur-free rhodanese obtained by removing the transferable sulfur atom from sulfur-loaded rhodanese in the crystal. Structure of Oxidized Rhodanese-The ͉F obs Ϫ F calc ͉ electron density map for the region of the active site clearly shows the existence of a small density close to S␥ of Cys-247 (Fig. 5A ). This density, that was already apparent in the first electron density map and confirmed in all maps subsequently obtained during refinement, is definitely smaller than that observed in the sulfur-containing protein (Fig. 5B) and it has been interpreted as an O atom. The C-S bond is characterized by torsion angles N247-C␣247-C␤247-S␥247 and C␣247-C␤247-S␥247-O␦247 of ϩ55°and ϩ111°, respectively, which are quite similar to the values of ϩ62°and ϩ112°for the torsion angles N247-C␣247-C␤247-S␥247 and C␣247-C␤247-S␥247-S␦247 in the sulfur-substituted enzyme. As a result of the formation of the S␥247-O␦247 bond, the position of the side chain of Cys-247 is slightly different from that of the sulfur-substituted enzyme (Fig. 6) .
With regard to the overall structure, the r.m.s. deviation between the ␣-carbons of sulfur-containing rhodanese and of oxidized enzyme is 0.16 Å; largest differences are found for the relatively disordered C and N termini.
Structure of Carboxymethylated Rhodanese-The model for the overall structure of the carboxymethylated enzyme is also very similar to that of the sulfur-substituted enzyme, the r.m.s. deviation between equivalent ␣-carbons of the two models being 0.13 Å. The presence of a density in the electron density map accounting for the carboxymethyl group bound to the S␥ of Cys-247 is clearly visible (Fig. 7A) . In carboxymethylated rhodanese the side chain of Cys-247 rotates about the C␣-C␤ bond, so that S␥247 now points to the opposite direction when compared to the sulfur-containing enzyme (Fig. 7B) . However, the additional rotation about the bond formed between S␥ and the C␤ of the carboxymethyl group leads to a situation at the active site in which the carboxyl group essentially occupies the same position as the persulfide group in the sulfur-substituted enzyme. S␥247 is quite near O␥181 (3.26 Å), N248 (3.33 Å), and O␥252 (3.26 Å), whereas the O1 and O2 of the carboxymethyl group are at hydrogen-bond distance of O␥1 252 (3.06 Å) and N252 (2.61 Å) and of N248 (2.75 Å), N249 (2.89 Å), N250 (3.23 Å), and N251 (3.34 Å), respectively. It is worth noting that the four peptide NH groups that are at hydrogen-bond distance of S␦ of Cys-247 (Fig. 4) also participate in hydrogen bonding interactions with the oxygen atoms of the carboxyl group. Due to the acidic value of the pK a of the carboxymethyl group, as compared with the pH 7.4 of the crystallization medium and the relatively polar environment surrounding the carboxyl group in the carboxymethylated enzyme, this group may be in the deprotonated state. Positively charged groups of the protein which can neutralize the carboxylate of the carboxymethyl group are quite far from it. Additionally, two peaks in the electron density map which were tentatively interpreted as water molecules but which may also represent positively charged ions, are too far to participate in ion-pair interactions with the carboxylate.
DISCUSSION
Substantial evidence has accumulated indicating that the active site structural features of an enzyme in the crystalline state generally correspond to those of the enzyme in solution. This is the basis for deducing the catalytic mechanism of enzymic reactions from crystallographic studies. However, some reports suggest that the results of x-ray diffraction studies may not reflect the dynamics of enzymes in solution. In particular, it has been proposed that rhodanese in solution undergoes conformational changes during the catalytic cycle, so that the structure of the sulfur-free form of rhodanese may differ significantly from that of the sulfur-substituted enzyme Wang, 1973a, 1973b; Horowitz and Patel, 1980; Horowitz and Falksen, 1983; Chow et al., 1985) . In contrast, crystallographic studies have shown both the occurrence of the enzyme reaction in rhodanese single crystals and the similarity of the structure of the sulfur-containing enzyme with that of the sulfur-free enzyme obtained by the addition of cyanide to crystals of sulfur containing rhodanese (Ploegman et al., 1979) . Since protein conformational changes occurring in solution might be hindered by lattice forces for rhodanese in the crystalline state, we have crystallized sulfur-free rhodanese and found a close similarity of its structure to that of sulfur-containing rhodanese. Although our results cannot exclude the occurrence of significant conformational changes in the course of the enzyme reaction, they do provide further support for the lack of major conformational differences between the two isolatable catalytic intermediates, the sulfur-free and sulfur-substituted forms of rhodanese.
The oxidation of the sulfur-free enzyme in solution with a slight molar excess of hydrogen peroxide leads to an inactive enzyme derivative, which can be crystallized. The structure of the oxidized derivative we have determined is not altered relative to those of sulfur-free and sulfur-containing forms of rhodanese and the mild oxidation of the catalytic cysteine appears to lead to the formation of the sulfenyl group. Several oxidizing agents, like hydrogen peroxide, may promote the formation of intramolecular disulfide bonds (Torchinsky (1981) , and references therein). The spatial arrangement of the -SH groups in rhodanese is such that the formation of an intramolecular S-S bond involving the catalytic sulfhydryl is impeded and this may explain the formation of the sulfenyl group at the enzyme active site. The latter species is known to be particularly unstable and reactive. Evidently, the microenvironment present at the enzyme active site may stabilize it substantially. Evidence has previously been obtained for the formation of a sulfenyl group stabilized by the protein environment upon oxidation under mild conditions of the catalytically active -SH groups of glyceraldehyde-3-phosphate dehydrogenase and papain (Torchinsky (1981) , and references therein).
Our structural data concerning the inactivation of sulfur-free rhodanese by hydrogen peroxide are consistent with data for the enzyme in solution, which revealed a content of three -SH groups out of the four present in the native sulfur-free enzyme (Cannella et al., 1986) . However, prolonged incubation of the enzyme led to the loss of a second sulfhydryl, possibly due to the formation of one disulfide bond per mol of enzyme, and to a significant perturbation of the protein absorbance and fluorescence, indicating displacement of some tryptophyl side chain from a hydrophobic to a hydrophilic environment (Cannella et al., 1986) . The formation of intramolecular disulfides between the catalytic Cys-247 and Cys-254 (70%) or Cys-263 (30%) has been quantified for sulfur-free rhodanese oxidatively inactivated by intermediates of oxygen reduction generated upon reaction of cyanide with phenylglyoxal Cannella and Berni, 1983) .
The formation of the above intramolecular disulfides is not compatible with the crystal structure of rhodanese, and this fact has been considered as evidence for the existence of structural differences for the protein in the crystal and in solution.
To explain this discrepancy, we suggest that, in the course of the enzyme reaction, sulfur-free rhodanese is in a relatively rigid catalytically active state, possibly corresponding to that determined for the crystalline enzyme. When the sulfur-free enzyme is oxidatively inactivated by hydrogen peroxide, the -S-OH group at the enzyme active site is formed and the structure of the enzyme is not altered, as we found, provided that the enzyme is rapidly transferred to a solution containing ammonium sulfate at the high concentration that is suitable for protein crystallization. In fact, in general, ammonium sulfate at high concentrations greatly stabilizes the native structure of proteins in solution. Instead, in normal conditions the oxidatively inactivated enzyme may undergo a relatively slow conversion into a structurally altered state, so that the Cys-254 or Cys-263 -SH groups may approach and react with the Cys-247 sulfenyl group, thus permitting the formation of S-S bonds. A scheme for this latter reaction has been presented by Cannella et al. (1986) . Clearly, the altered structure of the latter oxidized form of rhodanese, which is presumably not relevant to catalysis, being outside the catalytic cycle, is expected to be substantially different from that of the native enzyme determined by crystallographic studies.
It has already been found that carboxymethylation of sulfurfree rhodanese by monoiodoacetate is specific for the catalytic sulfhydryl group of sulfur-free rhodanese . Accordingly, we show here that the reaction of sulfur-free rhodanese in the crystal with a large excess of monoiodoacetate specifically leads to carboxymethylation of the essential sulfhydryl. Horowitz and Criscimagna (1982) found the lack of reactivity of sulfur-free rhodanese toward monoiodoacetamide, FIG. 5 . Stereo view of a portion of the active site of rhodanese for: A, sulfur-free enzyme oxidized with hydrogen peroxide; B, sulfur-containing enzyme. The electron density maps were calculated with coefficients ͉F obs Ϫ F calc ͉ and phases were obtained from the models, after deleting the atoms of residue Cys-247. Positive contours were drawn at 2.2 level. The electron density for the O atom bound to S␥ is definitely smaller than that corresponding to S␦. consistent with an absolute requirement for the negative charge of monoiodoacetate for the reaction. Furthermore, the same authors have pointed out that monoiodoacetate is sterically similar to thiosulfate. The special reactivity of the Cys-247 of sulfur-free rhodanese toward monoiodoacetate has therefore been attributed to the existence of some analogy for the reactions with thiosulfate and monoiodoacetate. As in the case of the reaction with hydrogen peroxide, we found that changes essentially limited to the active site accompany carboxymethylation of the enzyme, at least in the crystalline state.
An interesting feature emerging from our structural data is the high degree of flexibility of the side chain of Cys-247, within an otherwise rigid active site, as revealed for carboxymethylated rhodanese. Notably, the Cys-247 side chain with the bound carboxymethyl group is forced into a conformation that allows favorable interactions of the carboxylate with groups involved in the stabilization of the persulfide group of the sulfur-substituted enzyme. The flexibility exhibited by the Cys-247 side chain might also play a role in the reaction with the enzyme substrates. In particular, the S␥ of Cys-247 and groups bound to it might point toward different side chains at the active site in the course of the enzymic reaction. FIG. 7 . Stereo view of a portion of the active site of sulfur-free rhodanese upon carboxymethylation with monoiodoacetate. A, the electron density map was calculated with coefficients ͉F obs Ϫ F calc ͉ and phases were obtained from the model, after deleting the side chain atoms of the modified residue Cys-247; positive contours were drawn at 5 level; b, the atomic model of the carboxymethylated enzyme (thick line) is superimposed on the equivalent portion of the sulfur-containing rhodanese (thin line); O1 and O2 of the former are close to the position occupied by S␦ in the latter.
